Abstract-Thin p-clad InGaAs ridge waveguide quantum-well lasers having an asymmetric structure design were fabricated. The internal absorption coefficient is as low as 2.5 cm 1 , due to the restricted field extension in the 0.3-m-thick p-type top AlGaAs cladding layer. Ti-Pt-Au metallization is used outside the ridge to provide adherence on the oxide while Au directly contacts the ridge region. It is shown that the most likely source of loss in these thin p-clad devices is scattering at the rough interface between Au and the ++ top GaAs layer, after ohmic contact heat treatment.
I. INTRODUCTION
T HIN p-clad laser diode structures have been studied in literature [1] - [7] because of their possible use for simplified fabrication of distributed feed-back and ridge waveguide laser diodes. Due to the thin p-cladding layer, (about 0.3 m compared with the standard thickness of about 1-1.5 m), the penetration of the optical mode into the top surface is sufficient to achieve the required grating coupling by shallow etching. This has the advantage of eliminating the regrowth process, which is especially difficult for Al-containing materials. For thin p-clad ridge waveguide laser diodes fabricated by wet etching, the shallow etch needed for typical stripe widths of 2-4 m significantly reduces underetching and thus improves the series resistance of the device. In addition, it allows more uniform etching since the etch depth is only about 0.3 m, thus improving the control of the lateral index guiding and the single lateral mode behavior.
However, the approaches presented in [1] - [7] for the design of thin p-clad laser diodes make use of a symmetric structure, and thus the optical loss is fairly large:
cm [1] . Additionally, the transversal divergence is over 40 due to the necessity to tightly confine the optical field in order to have reduced absorption in the metal and contact layer layers, even if nonalloyed Au is used as a p-contact metal. On the other hand, kink-free operation of laser diodes improves significantly for devices with lengths in the range 1-2 mm, due to reduced carrier induced antiguiding and thermal effects. A structure with low loss (below 2.5 cm ) and reduced divergence is thus required for an efficient operation of pump lasers for erbium-doped fiber amplifiers, which is the main application of 980-nm laser diodes. The purpose of this paper is to investigate such a structure. It is based on an asymmetric design, with reduced optical field distribution in the p-type AlGaAs cladding layer. It is also shown that, most likely, the increase of the internal loss after annealing the p-type ohmic contact is due to optical scattering at the rough interface between Au and the layer.
II. DEVICE DESIGN AND FABRICATION PROCEDURE
A. Device Design Fig. 1(a) shows the optical field and refractive index distribution of the thin p-clad laser diode structure with asymmetric design. The spreading of the optical field preferentially in the n-type layers is achieved by choosing the Al content of the optical trap layer to be . The optical field distribution, the effective refractive index, and the passive modal absorption due to field extension in the GaAs contact and metal layers were computed using a standard transfer matrix model [8] . The thickness of the cladding layer is 0.30 m. The structure is designed to support only the fundamental mode. The spot size , where is the thickness of the active region and is the corresponding confinement factor, is 0.8 m. This value is higher than for typical laser diodes for which the spot size is 0.4-0.6 m, and is thus suitable for high-power operation. The full-width at half-maximum (FWHM) vertical divergence (in the direction perpendicular to the growth interface) is 28 .
Optical waveguiding is achieved by using layers with a high refractive index surrounded by layers with a lower refractive index. In a typical laser diode device, the optical field is tailored to have a maximum in the active region and negligible intensity in the regions with high absorption, such as regions with high doping level or metal layers. Examining Fig. 1 , we see that apart from the main waveguide that contains the active region, the layer with high refractive index surrounded by the p-cladding layer on one side and the metal layers followed by air on the other side acts as a secondary waveguide. In a typical laser diode structure, the p-cladding layer is thick enough (1-1.5 m) so that the optical field intensity in this secondary waveguide is negligible. However, in a thin p-clad structure, the coupling between the active waveguide and the contact layer waveguide is not negligible. The magnitude of the optical field leaking in the contact layer is a strong function of the thickness of the contact layer, exhibiting periodical resonances in the range of values that are typi- cally used for device fabrication. For example, the first such resonance occurs close to m. The corresponding optical field distribution is shown in Fig. 1(b) . The fundamental mode has still higher confinement factor than the first order vertical mode, but a significant percentage of the optical field is now leaking into the layer, thereby introducing high passive loss. Fig. 2 is a graph of the modal absorption coefficient due to the optical field leakage into the and Au metal layers, as a function of the thickness of the layer. It clearly shows the first resonance around m. It is thus important for the thickness of the layer to be less than 0.15 m in this type of thin p-clad laser diode structure. In our specific design, the cm layer thickness was chosen 0.1 m.
The total modal absorption coefficient plotted in Fig. 2 is due to absorption in both the layer and Au metal layer. Using (A1) (in the Appendix), we can compute their individual contributions. For example, for and (total modal loss 3.1 ), while for and (total modal loss 18. 5 ). 
B. Device Fabrication
It was previously shown in [1] - [6] that the typical metallization scheme Ti-Pt-Au used for the p-type ohmic contact introduces high internal absorption for thin p-clad laser diodes. The reason is that the real part of the refractive index of Ti and Pt is higher than the modal effective index for the lasing wavelength, thereby allowing significant optical leakage. For example, at a wavelength of 950 nm, the complex refractive indices of Ti,Pt, and Au are , , and , while the effective refractive index is . More insight into this problem is given in section A1 of the Appendix. As shown in [1] - [6] , if only Au is used as an ohmic contact to , the modal loss is significantly lower than if the typical Ti-Pt-Au metallization is utilized. It was also shown in [1] - [6] that if the Au metallization is annealed at the typical temperature used to form ohmic contacts (400 C-450 C), the modal loss increases and that Au makes good ohmic contact on -type GaAs, even without annealing. The reason given in [1] - [6] for the excess internal absorption after annealing the metallization is that Au diffuses into GaAs during the annealing step. It will be shown in this paper that the most likely cause of the increase of the modal loss after the annealing step is scattering of the optical field at the rough interface between Au and the . Thin p-clad diode lasers having the stripe width of 4 m at the bottom and the ridge height of 300 nm were fabricated. A standard photolithography step defining the 4-m ridge by wet etching is followed by the self-aligned deposition and lift-off of PECVD to restrict current injection in the ridge area. After lift-off, another photolitography step was carried out to define the Ti-Pt-Ti-Au (10/20/40/50 nm) such that the ridge and regions adjacent to it (15-20 m) were not covered by these metals. In this way, the Ti-Pt-Au metallization will not interact with the optical field that is restricted to the 4-m ridge area. It will provide adherence and mechanical stability for the nonalloyed Au layer that will be used as an ohmic contact to the in a later step. The substrate is now polished down to about 100 m and standard Ge-Ni-Au metallization is deposited on the polished substrate, followed by annealing of the n-type Ge-Ni-Au ohmic contact for 1 min at 430 C. The last step is deposition of 200 nm of Au on the p-side, without any subsequent annealing. A schematic of the completed device is shown in Fig. 3 . In this way, Au adheres well on the Ti-Pt-Au and on the top on the ridge and is mechanically stable (does not peel off) during further device manipulation and mounting.
C. Modeling of the Optical Scattering at the Interface AuGaAs
Planar waveguide losses can occur due to scattering at rough interfaces, if the field amplitude at the interface is large enough. The mathematical treatment of this problem for materials without intrinsic absorption was extensively studied in literature. For example, a versatile treatment of the problem for the three-layer asymmetric waveguides is given in [9] and for three-layer symmetric waveguides in [10] , [11] .
In this paper, the guided-wave attenuation caused by surface roughness induced scattering into the first and last layers (of infinite thickness) is calculated by means of the surface perturbation theory as in [9] . The mathematical treatment given in [9] for three layers is extended in this paper for a multilayer thin p-clad laser diode structure, including also a highly absorptive metal layer. For simplicity, we make the convention that the last layer is a metal and the interface between the last layer and the previous semiconductor layer is the only rough surface in the waveguide. Since lasing occurs only in the transverse electric (TE) mode, only TE modes are taken into consideration. The radiation from random scattering at the nonplanar interface between Au and consists of two components: the part scattered into the cladding layer (first layer, assumed to be infinite in thickness) and the part scattered into the metal layer (last layer, assumed of infinite thickness). After making the computations for our particular thin p-clad structure with Au metallization, it follows that the loss due to scattering of radiation into the metal layer is negligible if compared with light scattered into the cladding layer. The details of the model and of computations are given in Appendix A.2.
The surface roughness is characterized by the autocorrelation length and the mean-square deviation from a flat surface [11] . The auto correlation function Q(u) is defined as (see also the Appendix)
, where Q(u) is assumed to be (1) The spectral density function is given by (2) where is the longitudinal coordinate. Fig. 4 shows a plot of the total absorption due to scattering at the rough interface against the autocorrelation length for different values of the surface roughness. The strength of the scattering depends on the interface roughness, the difference in the squares of the refractive indices bounding the rough interface and the field intensity at the rough interface (see (A12) in the Appendix). For a thin p-clad laser diode structure, the intensity of the optical field at the GaAs-Au interface is low enough not to cause any significant absorption due to field extension in the lossy GaAs and Au layers if the interfaces are perfectly flat (below 0.3 cm ). However, as shown in Fig. 4 , a surface roughness as small as 30 nm can introduce excess absorption as high as 5 cm .
Some insight into the physical interpretation of the maximum of the scattering loss as a function of the correlation length, which is clearly observed in Fig. 4 , is given in [11] . Here, a simple three-layer symmetric structure is analyzed. Contrary to the most practical cases involving optical fibers, the waveguiding present in a laser structure in the vertical direction is strong. For the case of a simple symmetric structure, characterized by the value of the refractive index in the core and outside the core (having no lossy material) and for strong waveguiding, it was shown in [11] that the scattering loss as a function of the correlation length exhibits a maximum for
It was pointed out in [11] that this value is, in fact, the absolute upper limit of the scattering loss for a given waveguide and it depends only on the magnitude of the surface roughness. This conclusion is qualitatively valid for our thin p-clad asymmetric structure also, if we take to be the refractive index of the p-cladding layer. The field decays exponentially and is then the characteristic length over which the field amplitude at the scattering interface decays by a factor of (2.72).
III. RESULTS AND DISCUSSION
Fig. 5 is a plot of the inverse of the differential efficiency as a function of device length for the thin p-clad asymmetric structure using Au as a top metal contact. The internal absorption of devices fabricated from the structure having a 0.2-m-thick top with nonalloyed Au contact is as large as 4.5 cm , in agreement with modeling results presented in Fig. 2(b) . This thickness of the layer is close to a resonance, when a significant amount of the optical field distribution leaks into the contact layer. The leaking optical field is trapped into the waveguide formed by surrounded by the AlGaAs cladding layer on one side and the Au metal layer followed by air on the other side.
On the other hand, the absorption factor of the same thin p-clad laser diode structure is as small as 2.5 cm if the layer is etched down to 0.1 m and nonalloyed Au (flat interfaces) is used as the p-type ohmic contact (see Fig. 5 ). To the best of our knowledge, this is the lowest value of the absorption coefficient reported in literature for a thin p-clad laser structure to date. It is made possible by the asymmetric design of the structure. The threshold current density is in the range 300-400 A cm , depending on device length. For devices having a length of 1.5-2 mm, the threshold current density is 300 A cm . For comparison, the absorption coefficient in a structure having a similar design but a 1--thick AlGaAs cladding layer is 2 . The difference from 2 to 2.5 in a thin p-clad structure can be attributed to small passive loss in the contact and metal layers (about 0.3 ) and to free-carrier loss in the AlGaAs Zn-doped cladding layer due to dopant diffusion during growth, which more significantly affects the thin p-clad structure. Thus, if the thickness of the layer is 0.2 for the thin p-clad structure, the extra loss due to optical field leaking into this second waveguide mentioned above is , in agreement with the plot in Fig. 2 .
For devices with a 0.1-m-thick layer, annealing the p-type ohmic contact for 1 min at 430 C significantly increases the internal absorption factor from 2.5 to 7 cm . The generally accepted reason is that Au diffuses very rapidly into the semiconductor (see [2] , for example). However, the interaction between Au and GaAs after annealing cannot be described as simple diffusion and metallurgical reactions are quite complex.
Gold and gold-based alloys have been used to form ohmic contacts to GaAs for more than 30 years. Despite considerable work in the field, both the understanding of the basic processes that determine the electrical behavior of the contact and the actual performance of the contacts are still far from satisfactory [13] - [16] . Substantial migration of gallium atoms leads to Au-Ga alloys of compositions which, according to the Au-Ga phase diagram, may liquefy at the processing temperatures. The eutectic temperature corresponding to AuGa is 360 C. It is postulated that, on cooling, a thin layer of the underlying GaAs receives high doping so that tunneling can occur through the modified Schottky barrier. However, for Au on n-type GaAs, the transition from Schottky barrier type contact to ohmic after annealing is associated with the presence of Ga-rich Au crystallites only at the diode circumference, where Au is thinner.
Incorporation of large quantities of Ga has been detected by a number of techniques. Almost the entire spectrum of phases for the Au-Ga-system were indentified [13] : gold rich solid solution, hexagonal , orthorhombic and or- thorhombic AuGa, although the Au-rich phases are most often found. In contrast with gallium, arsenic was found to evaporate rapidly through the metal layer, at a rate higher than for uncovered GaAs. The alloyed metal appears highly inhomogenous (in thin contacts even discontinuous), both laterally and vertically with respect to the initial semiconductor interface, which is flat. A typical picture of the resultant interface consists of metallic inclusions, rectangular on GaAs (100) or triangular on GaAs (111), which may be deep enough to make the alloyed contact hardly compatible with submicron planar devices [13] . Interestingly, the interface Au-GaAs remains flat after annealing if Au is deposited on atomically clean GaAs and subsequently annealed in [16] . However, if the GaAs was cleaved in air or chemically cleaned before Au deposition, the metallic protrusions are always present at the interface The whole alloying process is extremely complex and not fully controlled, and hence there is a large variation in the data obtained from different laboratories. Substantial dissolution of GaAs can be considered as a byproduct of the reaction rather than a necessary condition for creating an ohmic contact. Fig. 6 presents a transmission electron micrograph XTEM cross-section of a typical Au GaAs contact fabricated in our laboratory, annealed at 430 C for 1 min. Looking at Fig. 6 , we can identify the 0.2-m-thick GaAs layer and the 0.3-mthick cladding layer, followed by the 0.16-mthick grading to the 2 6 nm double quantum well (DQW) active region (interface is not apparent), and the DQW region itself. Au metallic protrusions are clearly observed in the GaAs layer. The average depth of these protrusions is about 60 nm. The equivalent roughness measured as mean square deviation from a flat surface is thus estimated to be about nm. The rough value of the correlation length estimated from Fig. 6 is about 0.5 m. It is evident from the plot in Fig. 4(b) that the modeled value of the excess absorption due to optical scattering at such an interface is about 4 cm . This value is in good agreement with the experimental value of 4.5 cm that was deduced from measuring the internal absorption factor in laser diode devices. Thus, we conclude that the most likely cause of the excess optical loss that occurs after annealing the top p-contact in thin p-clad laser diode structures is scattering at the rough GaAs-Au interface. The main problem for high-power laser diodes operating at 980 nm lies in the fact that although the waveguiding is strong and stable in the vertical direction, it is much weaker in the lateral direction. For ridge waveguide devices, the required index guiding needed to guide the beam in the lateral direction (in the 3-4-m stripe) is achieved by etching the material outside the ridge. The index guiding strongly depends on the thickness of the p-clad layer left above the active region after etching. One of the advantages of thin p-clad laser diodes is that single lateral mode behavior is easier to achieve than in standard laser diode structures, because the strength of the index guiding is easier to control due to the shallower etching depth. This feature is shown in Fig. 7 , which is a plot if the lateral index guiding introduced by etching against etch depth for the thin p-clad laser diode structure. We target the value that can be obtained after etching only about 300 nm in a thin p-clad laser diode structure. The critical parameter is the thickness of the p-clad layer that remains above the active region. A similar magnitude of the index guiding is achieved in a typical laser diode structure with thick p-clad only after etching more than 1-1.5 m. It is difficult to achieve such an etching with a good accuracy (without introducing an etch-stop layer, which can affect the optical field and carrier distribution). As a result, the power intensity (P-I) curve will very often exhibit the so-called kinks due to small angular shifts of the maximum of the far field distributions in the lateral direction, that will deteriorate the optical coupling efficiency with the fiber. In addition to that, the underetching that occurs after wet etching of 1-1.5 m in depth significantly reduces the ridge stripe width at the top (the initial value before etching is only 3-4 m), thus contributing to the increase of series resistance of the device. Since the etching depth is much smaller for a thin p-clad, the corresponding underetching is much smaller also. Fig. 8 . Continuous-wave kink-free operation of a device having the length L = 1:7 mm using the thin p-clad asymmetric structure. Fig. 8 presents a CW P-I plot of the output power/facet for a 1.7-mm-long device having the stripe width (at the bottom) of 3 m. It shows a total power output of more than 320 mW in a single lateral mode, without kinks. The kink-free behavior was evaluated from the P-I measurement made with the photodiode situated at 3 cm from the emitting laser diode (not shown in Fig. 8 ) configuration that previously proved sensitive in detecting kinks that sometimes are not apparent in the total P-I measurement.
IV. CONCUSION
A thin p-clad asymmetric laser diode structure operating at 980 nm and having the absorption coefficient of only 2.5 cm is designed and fabricated. The p-type contact is made of Au, but outside the ridge Ti-Pt-Au is deposited for adherence purposes in such a way that it does not interact with the optical field distribution. It was found that the most likely cause of additional optical losses introduced in thin p-clad laser diodes after an ohmic heat treatment for the p-type contact is scattering of the optical field at the rough interface that occurs after such an annealing step. The scattering loss in the thin p-clad structure was analyzed theoretically by extending an existing model in literature valid for a three-layer waveguide to a multilayer waveguide having only one rough interface between and Au. The thin p-clad device exhibits 320-mW single lateral mode output. The spot size of the structure is 0.8 m, making it suitable for high-power operation. The vertical divergence is 28 .
APPENDIX

A. Losses Due to Bulk Material Abosrption
This section is concerned with modal absorption in structures having perfect interfaces (zero roughness) due field extension in materials with bulk material loss (such as and metal layers). The mathematical treatment specific to metal layers is well described in [12] .
The thin p-clad semiconductor laser diode structure is designed in such a way that the total modal loss due to absorption in the lossy and metal layers is below 0.3 cm . Particular attention should be given to the treatment of the absorption due to metal layers. The imaginary part of the complex refractive index is related with the absorption coefficient by Fig. 9 . Schematic of the multilayer structure used for computation of the absorption coefficient due to light scattering at one rough interface.
the relationship:
, where is the wavelength in vacuum and is the bulk absorption coefficient.
For the TE mode in weakly guided waveguides, the widely used relationship for the modal absorption: where is the absorption coefficient in layer k and is the confinement factor of layer k is valid. Things change if a metal layer is concerned. The real part of the refractive index of Au at wavelength of 980 nm is only (compared to for the semiconductor material) while the imaginary part is (compared to for a highly doped having 100 cm absorption). As shown in [12] , the correct relationship between the total modal absorption and the absorption of individual layers is (A1) where is the real part of the effective index of the guided mode and is the complex refractive index of layer k. Thus, the contribution of the "shiny" metal layer (Au) at this wavelength is small due to its low value of the real part of the refractive index
. But metals such as Cr or Ti, which provide good adhesion on GaAs, or Pt, which is widely used as a barrier, have the real part of the refractive indices higher than , which makes the modal absorption as high as about 8 cm or larger. This is an unacceptable high value for laser diode structures, significantly affecting their external efficiency.
B. Scattering Losses Due to a Rough Interface in a Multilayer Waveguide
The mathematical treatment in [9] is extended for a multilayer structure, including also a highly absorptive metal layer. For simplicity, we make the convention that the last layer is a metal and the interface between the last layer and the previous semiconductor layer (typically ) is the only rough surface in the waveguide. The effective index and the optical field distribution of the guided mode is computed using a transfer matrix method. The schematic of the multilayer structure is given in Fig. 9 . The TE and transverse magnetic fields of the monochromatic guided modes that propagate in the z direction have the form where and (A2)
They are easy to find using a standard transfer matrix model. Next, we extend the approach used in [9] to find the loss due to light scattering at a rough interface to a multilayer structure. The result is particularly easy to derive if there is only one rough interface. We take that interface to be the interface between layers . The field in each layer j, is then given by (A3) where is the guided mode field which is already known from the previous transfer matrix computation, is the firstorder scattered electric field, and is a small dimensionless parameter. The laser structure is designed to support only the vertical fundamental mode.
The following plane-wave representations are used:
where (A4)
Next, writing the boundary conditions at each interface as in [9] , we obtain the coefficients , in each layer depending on the surface roughness which is described by a given surface roughness and by the correlation length
where is the module of the guided electric field at the rough interface . The common assumption in the result given in (A5) is that the surface autocorrelation function follows an exponential form [9] . The mediation in (A5) is made in the z direction at the rough interface, on the sampling length , which is large in comparison with the correlation length .
At the interface , we have
At the interface , we have and at the rough interface , we have
We determine next the coefficients and which will characterize the radiation loss in the first infinite layer 1 and in the last infinite layer n, at large distances from the interface. From (A6), after some algebraic manipulation, we obtain (A7), shown at the bottom of the next page, where the coefficients and are obtained by matrix multiplication (easy to implement in a computer algorithm) as in (A8), shown at the bottom of the next page.
The field amplitudes and are next obtained by performing the Fourier transform integration after in (A4) using the method of steepest descents as in [9] and [10] , followed by subsequent mediation on the sampling length in the z direction.
For the steepest descent integration, the following change of variables is done (for the first layer, for example): , , , . The procedure is well described in [10] and [17] . If the path of integration can be distorted to coincide with the line going through a saddle point along which the real part of decreases very rapidly from its maximum value at , and if varies much more slowly along the line of the steepest descent, then where For example, thus becomes for for (A9)
In deriving (A9), we took into consideration that if is real, then . If has an important imaginary part, , describing the absorption in the respective layer (metal). However, if we take the total scattered power in the medium, which is the sum between the propagating power and the absorbed power in that medium, the total scattered power is still given by . The total power per unit length scattered in the two infinite media is given by Re Re (A10)
The scattering loss due to scattering at the rough interface is (A11) where is the total power in the guided mode and the electric field is normalized such that . Thus, the scattering loss radiated in the two infinite media due to roughness at the interface finally becomes
Re Re Re
Re
In this way, we have an analytical expression to compute the scattering losses at the rough interface . The integration after is performed numerically. The modeled results for a three layer asymmetric structure were reproduced using formulae (A12), as a method to check the validity of the numeric procedure.
After computing the two components and for our particular structure, having metal as the last layer and the interface roughness at the metal/ contact layer interface, it follows that the last component is negligible compared to the first one. That is, radiation into the first semiconductor layer contributes significantly to the scattering loss and not radiation into the metal layer. 
